Dietary sucrose and ethanol are potent modulators of sn-glycerol-3-phosphate dehydrogenase (GPDH) in the third instar larvae of Drosophila melanogaster. When added to modified Sang's medium C, 428 mM ethanol and 146 mM sucrose each increased the GPDH tissue activity more than 90% and GPDH cross-reacting material (CRM) more than 50% over the levels found in larvae fed the 14.6 mM sucrose control diet. When fed together, ethanol and sucrose exerted synergetic effects on GPDH activity and CRM. The activity of glycerol-3-phosphate oxidase was also stimulated by dietary ethanol and sucrose, indicating that the glycerol-3-phosphate cycle was operating in the larvae. Dietary ethanol caused similar shifts in the NADH:NAD+ ratio in wild-type and Cpdh null larvae, suggesting that the maintenance of the cofactor equilibrium is not the primary function of GPDH in larvae. Increases in triacylglycerol content associated with the administration of ethanol and sucrose to larvae suggested that the formation of glycerol-3-phosphate for use in lipid synthesis is an important function of GPDH in larvae. Because ethanol is a constituent of the natural diet of D. melanogaster, nutritional modulation of GPDH is postulated to be an important aspect of the adaptation of the species to its environment.
the Canton-S wild-type strain to determine if GPDH is subject to modulation by dietary ethanol. Since carbohydrate is a major energy source in most diets, the modulating effect of dietary sucrose was also assessed.
METHODS AND MATERIALS
Animals and dietary conditions. The Can ton-S wild-type strain of D. melanogaster employed in this study has been examined in previous biochemical studies (9) (10) (11) (12) and was maintained under continuous axenic cul ture on modified Sang's medium C for more than 3 years before the initiation of the cur rent investigation. The Canton-S strain is homozygous for the Gpdhf alÃ-ele. Test cultures were set up by placing 10-15 female-male pairs of adults that had been reared on mod ified Sang's medium C in 6-dr shell vial cul tures containing 5 ml of the standard me dium for 24 hours. After 4 days of growth, larvae were transferred to different test diets by the method of Geer et al. (9) and cultured 2 days before analysis. Consequently, the differences in biochemical characteristics that are reported in this paper occurred during the administration of different test diets dur ing the third larval instar. The test cultures contained 20-50 larvae per vial and were maintained at 22.8Â°and 45% relative hu midity with a 15-hour light:9-hour dark lighting schedule. Cultures contaminated with microorganisms were discarded.
A mutant strain homozygous for a Gpdh null mutation, MIO, was acquired from Dr. Glen Collier, Department of Biological Sci ences, Illinois State University, and was em ployed for part of the research. A strain lack ing alcohol dehydrogenase, Adh"2, was ob tained from the Drosophila Stock Center at Bowling Green State University and was also employed in this study. Eggs were collected and sterilized by previously described meth ods (13) , and the strains were maintained under axenic culture throughout the exper imental work.
The composition of standard modified Sang's medium C (12, 14) is 3.5 g casein, 1.5 g agar, l g sucrose, 0.2 g yeast RNA, 30 mg cholesterol, 0.03 mg biotin, 1.6 mg calcium pantothenate, 8 mg choline chloride, 1 mg folie acid, 1.2 mg nicotinic acid, 0.25 mg pyridoxine-HCl, 1 mg riboflavin, 0.2 mg thiamin-HCl, 25 mg MgSO4â€¢ 7H2O, 0.1 g NaHCOa, 0.183 g KH2PO4,0.189 g K2HPO4, 40 mg NaOH (pH adjusted to 6 .85) and wa ter to 100 ml. The contents of ethanol, sucrose and other supplements in the test diets were altered as indicated in the results section. The concentrations of sucrose and ethanol studied were the most extreme levels that coulc! be employed without extending the lai val growth period.
To add ethanol and other volatile nutrients to the test diet, the medium was prepared and autoclaved without the additive. The mixture was allowed to cool to a temperature close to solidification, then the test compound was added and the medium was dispensed into vials. Larvae were transferred into the test cultures soon after the food was pre pared. The final steps of medium preparation and the handling of adults and larvae were carried out in a UV-sterilized bacteriological glove box. The viabilities of the test larvae were normal on all diets.
Enzyme assay methods. Enzymes were assayed according to the references of table 1 by following the change in extinction of the reaction mixtures at 30Â°with a Gilford Model 222 spectrophotometric system (Gil ford Instruments Laboratories, Oberlin, OH). Whole larval homogenates were prepared by grinding 10 larvae in 0.16 ml of buffer with a hand-operated teflon-pestle homogenizer. The homogenate was allowed to stand 20 minutes and then was centrifuged at 15,000 X g for 15 minutes. The supernatant was re moved, and aliquots removed for enzyme activity determination and protein assay. All operations were conducted at 4Â°. Protein as says were performed by the method of Brad ford (25) by using bovine serum albumin as the standard. For the assay of glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, malic enzyme, GPDH, ADH, and NADP-isocitrate dehydrogenase, the ho mogenates were prepared by using 0.01 M K2HPCvKH2PO4, pH 7.4; 0.002 MNa2EDTA; 0.2 mM dithiothreitol (DTT); and 0.07 mM phenylthiourea (PTU). The homogenizing buffer for the determination of fatty acid synthetase was the same as above except that the DTT concentration was 2 mM. Lactate de hydrogenase was assayed in homogenates Statistical analysis. The data were tested for differences between test groups by Stu dent's i-test (29).
Reagents. Vitamin-free
casein for the test diets was obtained from the U.S. Biochemical Corp., Cleveland, OH. Other biochemicals were purchased from the Sigma Chemical Company.
Inorganic compounds were re agent grade. Separation Sciences, Inc., Attleboro, MA, supplied the 3-27% gradient acrylamide gels.
RESULTS

The effects of ethanol and sucrose on GPDH. The influences of dietary ethanol and
sucrose on GPDH activity and CRM were assessed (table 2). The addition of 428 m M ethanol to a 14.6 mM sucrose diet stimulated a 2.1-fold increase in GPDH activity, whereas the elevation of sucrose from 14.6 to 146 mM promoted a 1.9-fold increase. Addition of both sucrose and ethanol resulted in a 2.7-fold increase in GPDH activity over that ob served in larvae fed the control diet; thus, the effects of dietary sucrose and ethanol on GPDH activity were synergetic. Levels of GPDH CRM increased in whole larva ho mogenates when either sucrose or ethanol or both were added to the diet. Although the induced changes in GPDH CRM were not as marked as the activity changes, the ethanol and sucrose influences on CRM were also syn ergetic. The diet-induced changes in tissue GPDH activity appeared, at least in part, to be due to the modulation of GPDH CRM.
GPDH isozymes. At least three isozymes are discernable in D. melanogaster.
GPDH-1 is the major adult isozyme and GPDH-3 is present in larvae. Despite a report of six GPDH isozymes in larval tissues (30), we were able to identify only one major GPDH isozyme in larval preparations with 3-27% linear gradient polyacrylamide gels. Four major bands and several minor bands were visualized on the gradient gels by the GPDH staining solution, but all but one were found in preparations of Gpdh null larvae. Fur thermore, that band was the only one to spe cifically require glycerol-3-phosphate for staining and to possess the heat stability prop erties of larval GPDH. In any case, only a single GPDH isozyme was visible in the prep arations of larvae fed 14.6 mM sucrose, 14.6 mM sucrose plus 428 mM ethanol, 146 mM sucrose, or 146 mM sucrose plus 428 mM ethanol diets; consequently, the dietary mod ulation of larval GPDH activity by ethanol and sucrose did not alter the electrophoretic properties of the enzymes.
The Km values were 112 Â±6 fiM (mean Â±SEM)for dihydroxyacetone phosphate and 18 Â±2 //M for NADH for crude homogenates of larvae fed a 14.6 mM sucrose diet and 129 Â±8 nM for dihydroxyacetone phosphate and 26 Â±7 fiM for NADH for homogenates for larvae fed a 14.6 mM sucrose plus 428 mM ethanol diet. Since the Km values for dihy droxyacetone phosphate and NADH were not significantly different for GPDH from larvae fed the two diets, the dietary modu lation apparently did not involve a perma nent transformation of the kinetic properties of the enzyme.
The glycerol-3-phosphate cycle in larvae. To ascertain whether GPO, the mitochondrial component of the glycerol-3-phosphate cycle, is influenced by the diet, we assayed the enzyme in larvae fed diets containing different amounts of sucrose and ethanol (ta ble 3). The addition of 428 mM ethanol to a 14.6 mM sucrose diet increased the activity of GPO 5.8-fold. Elevation of sucrose from 14.6 to 146 mM had a lesser effect, increasing the enzyme activity about 3.5-fold. Supple mentation of the diet with sucrose did not increase the GPO activity above the levels noted when the nutrients were tested indi vidually. Other mitochondrial enzymes re sponded in different ways to dietary ethanol and sucrose. The fumarase activity of mito chondria was not significantly affected by dietary ethanol or sucrose. Malate dehydrogenase activity was stimulated by both ethanol and sucrose, the nutrients being synergetic when fed together. Both dietary ethanol and sucrose increased the succinic dehydrogenase activity of mitochondria but feeding the nu trients in combination was no more effective than feeding either nutrient alone.
NAD in GPDH-deficient larvae. Larvae homozygous for the Cpdh null mutation were cultured axenically on a 14.6 mM su crose diet and a 14.6 mM sucrose diet with 428 mM ethanol. Estimations of NAD+ and NADH in larval homogenates indicated that dietary ethanol mediated a change in the NADH:NAD+ ratio (table 4) . However, the ethanol-stimulated change in GPDH-defi cient larvae was only slightly greater than the NADH:NAD+ ratio change induced in Canton-S wild -type larvae. Dietary ethanol produces a shift in the NADH:NAD+ ratio in larvae whether the glycerol-3-phosphate cycle is operative or not.
The relation of GPDH induction to ADH activity. ADH activity and CRM, like GPDH, are increased in larvae by supplementation of the diet with ethanol (8) . The inductions of ADH and GPDH by ethanol were ex amined in mutant strains lacking one of the two enzymes (table 5) . If ethanol-dependent GPDH induction is dependent on a func tional ADH, the induction of GPDH would not be evident in larvae expressing an Adh null mutation. GPDH activity was 47% greater in ADH-negative larvae fed 14.6 mM sucrose and 256 mM ethanol than in larvae fed a 14.6 mM sucrose diet. This implies that ADH activity is not a prerequisite for GPDH induction by ethanol. The observation also indicates that ethanol is the primary inducer of GPDH or that a derivative of ethanol formed by an enzyme other than ADH is the inducing substance. Ethanol-dependent in duction of ADH was evident in the absence of normal GPDH activity; consequently, the inductions of ADH and GPDH by ethanol are not interdependent.
The induction of GPDH in larval tissues. The activity of GPDH was examined in the fat body and gut of third instar Canton-S larvae to assess the tissue specificity of the ethanol induction of GPDH. Addition of 428 mM ethanol to a 14.6 mM sucrose diet ele vated the GPDH activity 4.2-fold in the fat body and 2.1-fold in the gut (table 6 ). An increase of dietary sucrose from 14.6 to 146 mM stimulated a 3.9-fold increase in the fat body and a 2.3-fold increase in the gut. The influences of dietary sucrose and ethanol were synergetic. Supplementation of the diet with 428 mM ethanol and 146 mM sucrose promoted a 5.1-fold increase in GPDH ac tivity in the fat body and a 3.6-fold increase in the gut compared to the activities in the tissues in control larvae.
The effects of carbohydrate and ethanol on lipid content. Supplementation of the diet with sucrose and ethanol increased the triacylglycerol content of wild-type larvae. Ad dition of 428 mM ethanol to a 14.6 mM su crose diet increased the triacylglycerol tissue content from 321 Â± 31 mg/mg larval protein (mean Â±SEM)to 654 Â±48; whereas, increas ing the dietary sucrose concentration to 146 mM sucrose in the absence of ethanol resulted in a 1112 Â±52 mg triacylglycerol per mil ligram larval protein level. Administration of a 146 mM sucrose plus 428 mM ethanol diet effected a 1866 Â±170 mg triacylglycerol per milligram protein tissue content. Al though both dietary ethanol and sucrose pro moted lipid synthesis in larvae, ethanol was more effective when added to a high sucrose diet.
Induction of GPDH by other nutrients. b Different at the 0.05 level from the mean for larvae fed a 14.6 mM sucrose + 428 mM ethanol diet or a 146 mM sucrose diet; different at the 0.01 level from the mean for larvae fed a 14.6 mM sucrose diet.
Several compounds were tested to determine if nutrients other than ethanol or sucrose added to the control diet stimulate GPDH activity in larvae (table 7) . Glycerol was the most potent inducer of GPDH of the test compounds and was as effective as sucrose or ethanol. Acetate, aspartate, gluconate, pyruvate and lactate were moderately effective modulators of GPDH activity in Canton-S larvae, but malate and citrate did not mod ify the GPDH activity of larval tissues. Thus, the tissue activity of GPDH in larvae was stimulated by a number of nutrients when the nutrients were added to a 14.6 mM su crose diet.
The effect of ethanol and sucrose on other enzymes. The influence of dietary ethanol on several enzymes was examined in the pres ence of 14.6 and 146 mM sucrose. Enzymes that are involved in lipid synthesis were tested because both dietary ethanol and su crose stimulate the synthesis of triacylglycerol in the larvae of D. melanogaster. The activity of malic enzyme was increased sig nificantly by dietary ethanol at both low and high sucrose levels (table 8). A 10-fold in crease in dietary sucrose stimulated a smaller increase in malic enzyme activity than did ethanol. The activities of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase were increased signifi cantly by the sucrose supplement, but ethanol added to 14.6 and 146 mM sucrose diets had little effect of the two enzymes. The activity of NADP-isocitrate dehydrogenase was not changed by dietary ethanol, but the activity was lower in the homogenates of larvae fed a 146 mM sucrose diet, a phenomenon that had been noted previously (31). Of the en zymes that generate NADPH for lipid syn thesis malic enzyme is most sensitive to di etary modulation by ethanol. Both ethanol and sucrose induced moderate increases in fatty acid synthetase activity when added to a 14.6 mM sucrose diet, but supplementation of a high sucrose diet with ethanol did not further stimulate the activity. Both ethanol 1 Means Â±SEM of activities expressed as the nanomoles of cofactor metabolized per minute per milligram of homogenate protein at 30Â°. 2 Significant differences between means are as follows: different from 14.6 mM sucrose " P < 0.01; different from 14.6 mM sucrose and 14.6 mM sucrose + 428 mM ethanol b P < 0.05; different from 146 mM sucrose c P < 0.01. and sucrose are degradable to acetyl-CoA and provide substrate for lipogenesis, but the modulating effects of dietary ethanol and su crose on fatty acid synthetase, one of the two enzyme complexes involved in the de novo synthesis of fatty acids, were not additive. Lactate dehydrogenase activity was not in fluenced by alterations in the dietary ethanol or sucrose level. Thus, supplementation of a 14.6 mM sucrose diet with ethanol or sucrose does not invariably increase the tissue activ ities of enzymes.
DISCUSSION
Modulation of GPDH by dietary sucrose in the larvae of D. melanogaster is not sur prising because carbohydrate provides sub strate for lipid synthesis, and the larval en zyme is postulated to be associated with lipid synthesis (32); however, the evidence for this proposal is circumstantial and is based on the following reasoning. Adult flight muscle me tabolism is oxidative and dependent on the glycerol-3-phosphate cycle; whereas, anaer obic glycolysis is prominent in larvae. As ex pected, larvae have a very active lactate de hydrogenase, and the activities of GPDH and GPO are less pronounced in larvae than in adults (2, 3) . Because the glycerol-3-phosphate cycle has an apparent minor role in larval metabolism, it is assumed that GPDH provides phosphatidic acid for the synthesis of lipids in the larval stage in preparation for metamorphosis. Nonetheless, the present study shows that GPDH and GPO are active in larvae and are sensitive to both dietary sucrose and ethanol. This suggests that the glycerol-3-phosphate cycle is operative in at least some larval tissues and is functioning in the metabolism of ethanol and carbohy drate, ensuring the oxidative degradation of both nutrients. Lactate dehydrogenase activ ity is not sensitive to dietary ethanol, indi cating that anaerobic glycolysis does not play a major role in ethanol metabolism in Drosophila larvae.
Other unpublished experiments in our lab oratory using [14C]glucose showed that 428 mM ethanol reduced the carbon flow from glucose to lipid by about one-third as com pared to that observed in larvae fed a control 14.6 mM sucrose diet. In contrast, elevating dietary sucrose from 14.6 to 146 mM sucrose reduced the label incorporated into lipid from dietary [14C]ethanol only slightly. In the present study, an assessment of the total triacylglycerol in larval tissues indicated that dietary ethanol and sucrose exert an additive influence on the lipid content when added to a 14.6 mM sucrose diet. Thus, much of the carbon from ethanol is incorporated into lipid in larvae regardless of the carbohydrate content of the diet.
Utilization of ethanol as a substrate for lipid synthesis ostensibly obligates GPDH, since GPDH forms glycerol-3-phosphate, which is subsequently converted to phosphatidic acid. The substrate of this process, dihydroxyacetone phosphate, presumably is derived from carbohydrate. GPDH performs the same function when excess dietary car bohydrate is converted to lipid. Linkage of GPDH activity to lipid synthesis also pro vides another benefit to the larvae. The GPDH activity associated with lipid synthesis regenerates NAD+ to drive the ADH activity required for ethanol degradation or the glyceraldehyde-3-phosphate dehydrogenase com ponent of glycolysis. The triacylglycerol formed via ethanol or carbohydrate degra dation, as mentioned, provides energy for the developmental processes of metamorphosis.
That alternate routes exist for phosphatidic acid synthesis and NAD+ regeneration is ev ident from the observation that GPDH-deficient D. melanogaster larvae survive. When GPDH-deficient strains are initially formed, adults are unable to fly and age rapidly, but a metabolic adaptation occurs within several generations (33). Adapted strains are char acterized by a low level of GPDH activity, normal flight muscle mitochondria, and some capacity for flight (32). It is speculated that phosphatidic acid is formed by alternate pathways in GPDH-deficient larvae, such as by the phosphorylation of glycerol or the con version of glyceraldehyde-3-phosphate to a phosphatidic acid substrate. The poor via bility of the adapted GPDH-deficient indi viduals suggests that this process may not be accomplished efficiently. That the NADH:NAD+ ratio was similar in GPDHdeficient and wild-type larvae under the same nutritional conditions in the current study implies that the cofactor equilibrium was maintained by alternate means in mu tant individuals. Because GPDH can be re placed, maintenance of the cytosol cofactor equilibrium is apparently not the most crit ical function of GPDH in D. melanogaster larvae. Instead, provision for the efficient means of phosphatidic acid synthesis is prob ably the most vital function of GPDH in larvae.
From studies that used cellulose acetate and starch gel electrophoresis it has been noted that GPDH exists in three isozymic forms in D. melanogaster, GPDH-3 being the major larval isozyme and GPDH-1 the major adult isozyme (34, 35). Despite having identical molecular weights and nearly iden tical amino acid compositions, GPDH-1 and GPDH-3 exhibit differences in charge, pH optima, stability and kinetic properties (36, 37). Because of coordinate isozyme shifts with allozyme variation and because flies ex pressing Gpdh null mutations lack all of the GPDH isozymes, the isozymes represent ap parent posttranslational modifications of a single gene product (34, 36, 38, 39) . Niesel et al. (37) found that GPDH-1 and GPDH-3 differed only by a single peptide fragment and suggest GPDH-3 is formed from GPDH-1 by proteolytic cleavage. A cis-acting tem poral element, which is tightly linked to the structural gene for GPDH, affects the accu mulation of GPDH-3 (40) and may regulate the cleavage process. A gene that modifies the GPDH tissue activity of the adult has also been localized to the third chromosome of D. melanogaster (41, 42). Regulation of GPDH in D. melanogaster is apparently celltype specific; the rate of synthesis of GPDH in the larval fat body, the principle GPDHcontaining tissue of larvae, is similar to that of the adult fat body (43).
Using gradient acrylamide gel electropho resis, Bienz and Deak (30) detected six forms of GPDH. Although GPDH-1 and GPDH-3 were the predominate forms in the adult and larval tissues, respectively, all six isozymes were evident in both life stages of D. mel anogaster. The identification of three addi tional GPDH isozymes was apparently the result of the examination of individual tissues and the resolution of isozymes offered by gradient gel electrophoresis. We were unable to resolve the larval GPDH into multiple forms by gradient acrylamide gel electro phoresis in the present study. This observa tion, coupled with the lack of effect of dietary ethanol on the kinetic properties of the larval enzyme, suggests that the dietary modulation of GPDH activity occurs without altering the posttranslational processing of GPDH. In contrast, dietary ethanol and sucrose influ ence the interconversion of the three iso zymes of ADH in larvae (8) , ostensibly by altering the concentration of a NAD+-car- bonyl complex that associates with the en zyme (32).
The dietary modulation of GPDH activity in the larvae of D. melanogaster by ethanol and carbohydrate provides a sensitive mech anism for meshing the activity of the enzyme to environmental conditions. The coordinate changes in GPDH activity and triacylglycerol content in larvae noted in the current study imply that the dietary modulation of GPDH is important to the efficient conver sion of these nutrients to lipid, the major en ergy source for the metamorphosis of the in sect. Since the levels of ethanol vary in the natural foods of D. melanogaster (6, 7) the regulation of GPDH may be critical to the adaptation of the species to its ecological niche.
